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Abstract
We analyze charmless two-body non-leptonic B decays B → PP,PV under the framework of
factorization assisted topological amplitude approach, where P (V ) denotes a light pseudoscalar
(vector) meson. Compared with the conventional flavor diagram approach, we consider flavor
SU(3) breaking effect assisted by factorization hypothesis for topological diagram amplitudes of
different decay modes, factorizing out the corresponding decay constants and form factors. The
non-perturbative parameters of topology diagram magnitudes χ and strong phase φ are universal
that can be extracted by χ2 fit from current abundant experimental data of charmless B decays.
The number of free parameters and the χ2 per degree of freedom are both reduced comparing
with previous analysis. With these best fitted parameters, we predict branching fractions and CP
asymmetry parameters of nearly 100 Bu,d and Bs decay modes. The long-standing ππ and πK-CP
puzzles are resolved simultaneoulsy.
PACS numbers:
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I. INTRODUCTION
Charmless two-body non-leptonic B decays are of importance for testing the standard
model(SM). They can be used to study CP violation via the interference of tree and penguin
contributions. They are also sensitive to signals of new physics that would change the small
loop effects from penguin diagrams. With regards to them, the BarBar and Bell experiments
at the e+e− B-factories[1] and LHCb experiment at the Large Hadron Collider(LHC)[2] have
made great efforts in studying B decays information in the past decades. Numerous data
of branching fractions and CP asymmetries of B → PP, PV decays, where P (V ) denotes
a light pseudoscalar (vector) meson, have been measured. In particular, running at higher
sensitivities and statistics, several Bs decay channels have been observed in LHCb experi-
ment. Such abundant experimental data have made it possible to extract non-perturbative
parameters of hadronic decay amplitudes and to test theoretical calculations of B → PP, PV
decays.
In the theoretical side, as the non-leptonic B decays include hadronic decay amplitudes,
it requires complicated study of non-perturbative strong QCD dynamics. Furthermore, the
charmless B decays not only involve tree topologies but also have penguin loop diagrams
that made the theoretical calculations more complex. The measured large direct CP viola-
tion in charmless B decays indicates the existence of large strong phases, which mainly come
from non-perturbative QCD dynamics. In the heavy b quark mass limit, we can factorize
the perturbative calculable part from the non-perturbative hadronic matrix elements. The
naive factorization approach [3] was first invented to estimate the hadronic decay amplitudes,
where they were factorized into the product of perturbative hard kernels (local four quark
operators) and non-perturbative objects such as B to light form factors and decay constants
of light pseudoscalar/vector mesons. Then it was later improved to the generalized factor-
ization approach[4]. Based on the leading order power expansion of ΛQCD/mb, where ΛQCD
represents the typical non-perturbative QCD hadronic scale, mb is b quark mass, the QCD
factorization (QCDF) [5], the perturbative QCD (PQCD)[6], and the soft-collinear effective
theory (SCET)[7] have been developed recently. Great theoretical progress have been made
in these perturbative QCD approaches. However, it is impossible to calculate to all order
of power expansions, thus some strong QCD dynamics information would be lost in these
perturbative approaches. With the very high precision of experimental data, the leading-
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order theoretical calculation of ΛQCD/mb expansion is not enough. For example, QCDF [8]
need to include a large penguin annihilation contribution (as free parameter) to enhance the
branching fractions and direct CP asymmetry of penguin-dominated charmless B decays.
The same puzzle also appeared in SCET [9], where the penguin annihilation contribution
in QCDF is replaced by the power suppressed (but with larger numerical contribution than
the leading terms) nonperturbative charming penguin effect. All these power corrections
are not able to calculate perturbatively but need to be fitted from experiments. There are
also some experimental puzzles to be solved for those perturbative approaches. The per-
turbative calculation predict the same sign of direct CP asymmetry in B± → pi0K± and in
B0 → pi∓K± decays, which is conflict with experimental data. The calculated branching ra-
tio of B0 → pi0pi0 in perturbative approaches is several times smaller than the measured one.
These long-standing puzzles are sensitive to the non-factorizable color suppressed emission
diagram. Although some soft and sub-leading effects were taken into account in QCDF [8]
and PQCD [10], the B → pipi puzzle was still left in the conventional factorization theorem.
Recently, an additional Glauber phase is introduced to solve this puzzle [11].
Unlike the above mentioned perturbative approaches, some model-independent ap-
proaches were introduced to analyze the charmless B decays, such as global SU(3)/U(3)
flavor symmetry analysis [12] and flavor topological diagram approach [13, 14]. They do
not apply factorization in QCD, leaving all perturbative or non-perturbative QCD effects
extracted from experimental data. In [12], they related relevant decay amplitudes using
SU(3)/U(3) group decomposition and then extract them form experimental data. For
the flavor topological diagram approach, they group different contributions according to
the electroweak topological diagram, since electroweak interaction naturally factorize from
QCD interaction. Each topological diagram amplitude including all strong interactions with
strong phase are to be extracted from experimental data. However, in order to reduce the
number of free parameters, it needs to apply the flavor SU(3) symmetry to relate topological
diagram parameters of different decay modes. In fact, the flavor SU(3) symmetry is broken.
Nowadays, SU(3) breaking effect have to be considered to compare the theoretical results
with the precise experimental data. It is also observed in the flavor topological diagram
analysis that there are large differences among the three types of B → PP , B → PV and
B → V P decays due to different pseudoscalar and vector final states. Therefore, they have
to fit three different sets of parameters for the three types of B decays respectively [14].
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There are too many parameters to be fitted, its prediction power was reduced.
In view of the above complexity and incompleteness in power correction of factorization
approaches and the limitation of the conventional flavor topological diagram approach, a new
method called factorization-assisted-topological-amplitude (FAT) approach was proposed in
studying the two-body hadronic decays of D mesons [15, 16]. Aiming to include all non-
factorizable/non-perturbative QCD contributions compared to factorization approaches, it
adopts the formalism of flavor topological diagram approach. However, different from the
conventional flavor topological diagram approach, it had included SU(3) breaking effect in
each flavor topological diagram assisted by factorization hypothesis. The FAT approach
applied in D mesons decays [15, 16] was in great success to resolve the long-standing puzzle
from the large difference of D0 → pi+pi− and D0 → K+K− branching fractions, due to large
SU(3) breaking effects. It also predicted 0.1% of direct CP asymmetry difference between
these two decay channels, later confirmed by the LHCb experiment [17]. With an intermedi-
ate charm quark scale, the two-body charmed meson decays of B meson also encounter large
SU(3) breaking effects [18]. With only 4 parameters fitted from 31 experimental observa-
tions, we predict 120 decay modes, some of which are tested by the available experimental
data [18].
In this work, we will analyze the charmless B → PP , PV decays in the FAT approach.
Being different from the two-body charmed B meson decays with only tree topologies, pen-
guin topological diagrams enhanced by CKMmatrix elements will contribute to these charm-
less B meson decays. These loop effect will be more complicated than the calculation to
tree level diagrams. More theoretical parameters are needed to describe these penguin topo-
logical amplitudes and more experimental observables, such as CP asymmetry parameters.
Specifically, including penguin topological contributions, we will fit 14 parameters from 37
experimental measured branching fractions and 11 CP asymmetry parameters of B → PP
and B → PV decays. The number of free parameters is significantly reduced from the
previous topological diagram approach with much less χ2 per degree of freedom. The long-
standing B → pipi puzzle and B → piK CP puzzle are resolved consistently.
In Sec.II, we parameterize the tree and penguin topological amplitudes of charmless
B → PP , PV decays in the FAT approach. The numerical results and discussions are
presented in Sec.III. Sec.IV is the conclusion.
4
bq¯ q¯
d, s u¯
uW
(a)T
b
q¯ q¯
d, s
u¯u
W
(b)C
b
q¯
q
d¯, s¯ u¯
u
W
(c)E
b
q¯
q
u¯
u¯
d, s
W
(d)A
FIG. 1: Topological tree diagrams contributing to B → PP and B → PV decays: (a) the color-
favored tree emission diagram, T ; (b) the color-suppressed tree emission diagram, C; (c) the
W -exchange diagram, E and (d) the W -annihilation diagram, A.
II. FACTORIZATION OF DECAY AMPLITUDES FOR DIFFERENT TOPO-
LOGICAL DIAGRAMS
The two body charmless B decays are flavor changing weak decays. They are induced
by the quark level diagrams classified by leading order (tree diagram) and 1-loop level
(penguin diagram) weak interactions. For different B decay final states, the tree level weak
decay diagram can contribute via different orientations: the so-called color-favored tree
emission diagram T , color-suppressed tree emission diagram C, W -exchange tree diagrams
E and W annihilation tree diagrams A, which are shown in Fig.1, respectively. These
tree level diagrams have already been studied in the previous D meson decays [15, 16] and
charmed meson final state B decays [18]. Similarly, the 1-loop penguin diagram can also
be classified as 5-types: color-favored QCD penguin emission diagram P , color-suppressed
QCD penguin emission diagram PC , W -annihilation penguin diagram PA, the W penguin
exchange diagram PE and electro-weak penguin emission diagram PEW , shown in Fig.2.
In the QCD factorization approaches, one try to calculate the QCD corrections to the
specific weak diagrams or effective four quark operators order by order. The decay amplitude
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FIG. 2: Topological penguin diagrams contributing to B → PP and B → PV decays: (a) the
color-favored QCD-penguin diagram, P ; (b) the flavor-singlet QCD-penguin diagram, PC and EW-
penguin diagram PEW ; (c) the exchange type QCD-penguin diagram, PE and (d) the QCD-penguin
annihilation diagram, PA.
for each decay is calculated in the factorization framework by the heavy quark expansion.
In this work, to avoid the dependence of specific factorization approach, we extract the
two-body hadronic weak decay amplitude of different topological diagram from the exper-
imental data by the χ2 fit. Therefore all strong interaction effects, the factorization and
non-factorization contributions, perturbative and non-perturbative QCD corrections are all
determined by experimental measurements. This is the idea of conventional topological
diagram approach [14]. In order to have predictive power, one has to assume the flavor
SU(3) symmetry, reducing the number of independent parameters. The precision of this
topological diagram approach is then limited to the order of SU(3) breaking. In the FAT
approach, we will try to recover the SU(3) breaking effects, further reducing the number of
free parameters by fitting all the decay channels.
Let’s start from tree amplitudes shown in Fig.1. In the conventional topological diagram
approach, the color favored tree amplitude (T) is tuned to be a real number, with 6 parame-
ters (magnitudes and phases) for three other amplitudes. However, these 7 parameters have
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to be tripled for B → PP , B → PV and B → V P decays, since there is a non-negligible dif-
ference between pseudo-scalar and vector mesons. In this work, we will try to parametrize
these three kinds of decays together. The color-favored T topology shown in Fig.1(a) is
proved factorization to all orders of αs expansion in QCD factorization, perturbative QCD,
and soft-collinear-effective theory. Their numerical results also agree to each other in dif-
ferent approaches. Thus, to reduce one free parameter, we will just use their theoretical
results, not fitting from the experiments:
T P1P2 = i
GF√
2
VubVuq′a1(µ)fp2(m
2
B −m2p1)FBP10 (m2p2), (1)
T PV =
√
2GFVubVuq′a1(µ)fVmV F
B−P
1 (m
2
V )(ε
∗
V · pB), (2)
T V P =
√
2GFVubVuq′a1(µ)fPmVA
B−V
0 (m
2
P )(ε
∗
V · pB), (3)
where the superscript of T P1P2 denote the final mesons are two pseudoscalar mesons, T PV (V P )
for recoiling mesons are pseudoscalar meson (vector meson). a1(µ) is the effective Wilson
coefficient from short distance QCD corrections, where the factorization scale µ is insensitive
to different final state mesons. Therefore we can choose it within a certain range arbitrarily
and set it at the point µ = mb/2 = 2.1GeV. a1(µ) at this scale is 1.05. fP2(fP ) and fV are
the decay constants of emissive pseudoscalar meson and vector meson, respectively. FBP10
(FB−P1 ) and A
B−V
0 are the form factors of B → P and B → V transitions, respectively. ε∗V
is the polarization vector of vector meson and pB is the 4-momentum of B meson.
For the color suppressed C topology, dominated by non-factorization contributions, it
is least-understood by us although having been calculated up to next-to-leading order in
the factorization methods. The next-to-leading order corrections in factorization framework
could not resolve the pipi and piK puzzles strongly sensitive to this C topology contribution.
A large C contribution with large strong phase (mostly non-perturbative) can resolve the
so called piK puzzle. However, it is not possible to explain the pipi puzzle: theoretically
Br(B0 → pi0pi0) < Br(B0 → pi0ρ0) < Br(B0 → ρ0ρ0), but experimentally it is in the inverse
order. In the conventional topological diagram approach [14], the authors introduced two
parameters (amplitude and phase) in the B → PP modes and another four parameters in the
B → PV , V P modes for this diagram to be fitted from experimental data. To our knowledge,
this inverse order can be understood only in the formalism of Glauber gluons introduced in
ref.[11], where extra phase was introduced for the pseudo-scalar meson (Goldstone boson)
emission diagram. Inspired by these studies, We parameterize the C diagram magnitude
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and associate phase as χC and eiφ
C
in B → PP , V P decays and χC′eiφC′ in B → PV ,
respectively to distinguish cases in which the emissive meson is pseudo-scalar or vector:
CP1P2 = i
GF√
2
VubVuq′χ
Ceiφ
C
fp2(m
2
B −m2p1)FBP10 (m2p2),
CPV =
√
2GFVubVuq′χ
C′eiφ
C′
fVmV F
B−P
1 (m
2
V )(ε
∗
V · pB),
CV P =
√
2GFVubVuq′χ
Ceiφ
C
fPmVA
B−V
0 (m
2
P )(ε
∗
V · pB), (4)
where the decay constants and form factors fP , fV ,F
BP1
0 , F
B−P
1 and A
B−V
0 characterizing
the SU(3) breaking effects are factorized out.
The W-exchange E topology is non-factorization in QCD factorization approach. It is
expected smaller than emission diagram due to helicity suppression. We use χE , eiφ
E
to
represent the magnitude and its strong phase for all decay modes:
EP1P2 = i
GF√
2
VubVuq′χ
Eeiφ
E
fBm
2
B(
fp1fp2
f 2π
),
EPV,V P =
√
2GFVubVuq′χ
Eeiφ
E
(µ)fBmV (
fPfV
f 2π
)(ε∗V · pB), (5)
Considering flavor SU(3) breaking effects, we multiply decay constants of three mesons
fB,fp1(fP ) and fp2(fV ) in each amplitude. In order to make parameters χ
E and eiφ
E
di-
mensionless, a normalization factor f 2π is introduced. Actually, dimensionless parameters
χE , eiφ
E
are defined from B → pipi decays. Other processes are related by different decay
constant factors
fp2fp1 (fP fV )
fpifpi
. The last diagram in Fig.1(d) is the so called W-annihilation
topology. As discussed in ref.[14], its contribution is negligible. We will also ignore it in this
paper.
The penguin topological diagrams are grouped into QCD penguin and electro-weak pen-
guin (EW penguin) topologies. In terms of QCD penguin diagram amplitude, we consider
all contributions from every topological diagram in Fig.2, where topology P contributes
most. The leading contribution from topology P diagram is similar to the color favored tree
diagram T, which is proved factorization in various QCD-inspired approaches, such as QCD
factorization [8], perturbative QCD [6] and soft-collinear effective theory [19]. They give
very similar numerical results proportional to the Wilson coefficient a4, related to the QCD
penguin operators O3, O4. Therefore, in the same spirit of T diagram, we will not fit this con-
tribution from the experimental data, but predict its contribution from QCD calculations for
all the three type of B → PP , B → V P and B → PV decays. This is not the whole story.
All these approaches predict large extra contribution in this topology related to the effective
four-quark operators O5, O6, which is also called the “chiral enhanced” penguin contribu-
tions. Since this chiral enhancement only contributes to the pseudo-scalar meson (Goldstone
boson) emission diagram, we will include it only in B → PP and B → V P decays, which
can be parameterize as rχχ
P , eiφ
P
in Eq.(6) with rχ the chiral factor of pseudo-scalar meson.
The decay amplitude for the penguin diagram P is then parameterized with only two free
parameters for all the three categories of B → PP , B → V P and B → PV decays, as
P PP = −iGF√
2
VtbV
∗
tq
′
[
a4(µ) + χ
P eiφ
P
rχ
]
fp2(m
2
B −m2p1)FBP10 (m2p2),
P PV = −
√
2GFVtbV
∗
tq
′a4(µ)fVmV F
B−P
1 m
2
V (ε
∗
V · pB),
P V P = −
√
2GFVtbV
∗
tq
′
[
a4(µ)− χP eiφP rχ
]
fPmVA
B−V
0 (m
2
P )(ε
∗
V · pB). (6)
The so called penguin annihilation diagram PA shown in Fig.2(d) was considered as a
power correction to P , calculated perturbatively in PQCD approach [6], parameterized as
ρA, φA in QCDF [8] and replaced by the long-distance charming penguins as A
PP
cc , A
PV
cc and
AV Pcc in B → PP , B → V P and B → PV decays, respectively in SCET [19]. Numerically
it is not small. However, if one read this diagram carefully, one can find that it is not
distinguishable in weak interaction from the diagram P in Fig.2(a). The only difference
between these two diagrams is the gluon exchange. Since all the QCD dynamics will be
determined by χ2 fit from the experimental data, we will not introduce more parameters for
this diagram in B → PP and B → V P decays. The contribution of this diagram is already
encoded in the parameter rχχ
P , eiφ
P
in Eq.(6) for diagram Fig.2(a). But for B → PV
decays, we do need two parameters χPA, eiφ
PA for penguin annihilation diagram PA shown
in Fig.2(d):
P PVA = −
√
2GFVtbV
∗
tq
′χPAeiφ
PAfBmV (
fPfV
f 2π
)(ε∗V · pB). (7)
The contribution from PE diagram shown in Fig.2(c) is argued smaller than PA diagram,
which can be ignored reliably in decay modes not dominated by it such as measured B0 →
pi+pi−, B0 → pi0pi0, B0 → K0K¯0 and B0 → pi0ρ0 decays. This PE contribution actually is
the dominant contribution for the recent measurement of Bs → pi+pi− decay [21]
Br(Bs → pi+pi−) = (0.76± 0.19)× 10−6. (8)
We do not intend to use this single measurement to determine the contribution from this
diagram PE . Thus we have to ignore it for later discussion.
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The flavor-singlet QCD penguin diagram PC only contribute to the isospin singlet mesons
η, η′, ω and φ. Anomaly related or not, there is also significant difference between these
pseudo-scalar mesons and vector mesons. We distinguish them as χPC , eiφ
PC for B → PP
and B → V P decays and χP ′C , eiφP
′
C for B → PV decays, respectively:
P PPC = −i
GF√
2
VtbV
∗
tq
′χPCeiφ
PC fp2(m
2
B −m2p1)FBP10 (m2p2),
P PVC = −
√
2GFVtbV
∗
tq
′χP
′
Ceiφ
P ′C fVmV F
B−P
1 (m
2
V )(ε
∗
V · pB),
P V PC = −
√
2GFVtbV
∗
tq
′χPCeiφ
PC fPmVA
B−V
0 (m
2
P )(ε
∗
V · pB), (9)
The EW-penguin contribution is much smaller than QCD penguin diagram, as the cou-
pling coefficient αem is one order smaller than αs. We only keep its largest contribution
diagram shown in the second one of Fig.2, with gluon g replaced by Z or γ with respect to
QCD penguin diagram. Although the topology of PC diagram is quite similar to the PEW
topology, their contributions are different. They both contribute to the isospin singlet meson
emission decays. But PEW topology also contribute to the neutral isospin 1 meson emission
decays. The topology of this diagram is very similar to the T diagram. Factorization can be
approved without ambiguity. Without introducing new parameters, we evaluate it similar
to T ,
P PPEW = −i
GF√
2
VtbV
∗
tq
′eq
3
2
a9(µ)fp2(m
2
B −m2p1)FBP10 (m2p2),
P PVEW = −
√
2GFVtbV
∗
tq
′eq
3
2
a9(µ)fVmV F
B−P
1 (m
2
V )(ε
∗
V · pB),
P V PEW = −
√
2GFVtbV
∗
tq
′eq
3
2
a9(µ)fPmVA
B−V
0 (m
2
P )(ε
∗
V · pB), (10)
where a9(µ) is the effective Wilson coefficient equal to −0.009 at scale µ =2.1GeV.
With all the decay amplitudes settled, the decay width for two-body charmless B decays
is given by
Γ(B → M1M2) = p
8pim2B
∑
pol
|A|2, (11)
whereM1,M2 represent either two pseudoscalar P1,P2 or one pseudoscalar P and one vector
V in the final states. p is the 3 dimension momentum of either meson in the final state in
the center-of-mass frame. The summation over the polarization states is for vector meson
state. The corresponding branching fraction is
B(B →M1M2) = Γ(B → M1M2) + Γ(B¯ → M¯1M¯2)
2
× τB, (12)
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where τB is the B meson lifetime. The CP violation charge asymmetry of exclusive B
− and
B+ decay is defined as
Acp = B(B
− → M¯1M¯2)− B(B+ →M1M2)
B(B− → M¯1M¯2) + B(B+ →M1M2)
. (13)
For the neutral B(s) mesons, there is a complication because of the B
0
(s)−B
0
(s) mixing, if the
decay product is a CP eigenstate. The CP asymmetry is time dependent:
Acp(t) = Sf sin(∆mBt)− Cfcos(∆mBt), (14)
where ∆mB is the mass difference between the two mass eigenvalues of B mesons. Acp ≡ −Cf
is the direct CP asymmetry and Sf is the mixing induced CP asymmetry parameter, which
are calculated as:
Cf = 1− |λf |
2
1 + |λf |2 ,
Sf = 2Im(λf)
1 + |λf |2 , (15)
where λf =
q
p
A¯f
Af
and q
p
=
V ∗tbVtd
VtbV
∗
td
or
(V ∗tbVts
VtbV
∗
ts
)
, which is the mixing parameter for B0(s) − B
0
(s)
mixing. Af is the decay amplitude of B
0 → fCP and A¯f is the amplitude of the CP-conjugate
process.
If the decay product is not a CP eigenstate, the B0(s) − B
0
(s) mixing will not result in a
mixing induced CP asymmetry, but only a direct CP asymmetry like the B± decays (for
example B0 → pi−K+). However, for the B¯0 → pi±ρ∓, B¯0 → KsK¯∗0(K∗0), B¯s → K±K∗∓
and B¯s → KsK¯∗0(K∗0) decay modes, the B0(s) − B
0
(s) mixing still plays an important role,
even if the final states are not CP eigenstates. The reason is that both B0(s) and B
0
(s)
meson can decay to the same final state. The CP asymmetry is time dependent with four
equations [20]. There is a mismatch between theoretical and experimental variables. We
adopt the convention of ref. [14], for example, the mixing-induced CP asymmetries Scp for
the B¯0 → pi±ρ∓ shown as,
SB¯0→π+ρ− =
2Im(λB¯0→π+ρ−)
1 + |λB¯0→π+ρ− |2
,
SB¯0→π−ρ+ =
2Im(λB¯0→π−ρ+)
1 + |λB¯0→π−ρ+ |2
, (16)
11
TABLE I: The decay constants of light pseudo-scalar mesons and vector mesons (in unit of MeV).
fπ fK fB fBs fρ fK∗ fω fφ
130 156 190 225 213 220 192 225
where
λB¯0→π+ρ− =
q
p
A(B¯0 → pi+ρ−)
A(B0 → pi−ρ+) ,
λB¯0→π−ρ+ =
q
p
A(B¯0 → pi−ρ+)
A(B0 → pi+ρ−) . (17)
The definition of Scp for the B¯0 → KsK¯∗0(K∗0), B¯s → K±K∗∓ and B¯s → KsK¯∗0(K∗0)
decays are similar with B¯0 → pi±ρ∓.
III. NUMERICAL RESULTS AND DISCUSSIONS
A. Input parameters
The input parameters used in decay amplitudes mainly contain the CKMmatrix elements,
decay constants and transition form factors. We use the Wolfenstein parametrization for
VCKM with the Wolfenstein parameters obtained from [21]:
λ = 0.22537± 0.00061, A = 0.814+0.023−0.024
ρ¯ = 0.117± 0.021, η¯ = 0.353± 0.013.
Table I represents the decay constants of light meson (P , V ). The measured fπ and
fK are given in average by PDG [21]. The value of fB,fBs and the decay constants of
vector mesons not measured directly in experiments but can be got from several theoretical
approaches, such as in Covariant light front approach [22] light-cone sum rules [23, 24],
QCD sum rules [25–30], or lattice QCD [31–38]. We show only central values in Table I and
keep 5% uncertainty, when estimate theoretical uncertainty of branching fractions and CP
asymmetry parameters.
The transition form factors of B meson decays were calculated in various theoretical
approaches, constitute quark model and light cone quark model [39–42], Covariant light
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front approach(LFQM) [22, 43, 44], light-cone sum rules [24, 45–63], PQCD [64–72] and
lattice QCD [73–75]. The central values of the transition form factors of B meson decays
at q2=0 are shown in Table II. The error bar of them are kept in 10%. This uncertainty of
hadronic form factors is one of the major source of theoretical uncertainty in our calculation
as shown in next section. For the q2 dependence of the transition form factors, we use the
dipole parametrization:
Fi(q
2) =
Fi(0)
1− α1 q2M2
pole
+ α2
q4
M4
pole
, (18)
where Fi denotes F0, F1, and A0 in this article, and Mpole is the mass of the corresponding
pole state, such as B(s) for A0, and B
∗
(s) for F0,1. α1 and α2 are the dipole parameters as
shown in TableII. Since the values of q2=m2P,V , where mP,V is the mass of emission meson in
B → PP, PV decays, are small compared with the pole mass, this q2 dependence will not
affect our numerical results significantly.
For the η and η′ meson in the final state of B decays, their decay constants and form
factors are defined through η − η′ mixing,

η
η′

 =

cos φ − sin φ
sinφ cosφ



ηq
ηs

 , (19)
where ηq and ηs are defined by
ηq =
1√
2
(uu¯+ dd¯), ηs = ss¯. (20)
The mixing angle is measured to be φ = (40.4 ± 0.6)◦ by KLOE [76]. The flavor decay
constants of ηq and ηs are fq = (1.07±0.02)fπ and fs = (1.34±0.06)fπ respectively [77, 78].
In a good approximation, we neglect the ω and φ mixing effect.
B. The χ2 fit for theoretical parameters
After the usage of factorization theorem, the number of theoretical parameters to be
fitted from experimental data is reduced. The 6 parameters for tree diagrams are: color
suppressed tree diagram amplitude χC , χC
′
and their phases φC , φC
′
; W-exchange diagram
amplitude χE and its phase φE. The 8 parameters for penguin diagrams are: Chiral enhanced
penguin amplitude χP and its phase φP ; flavor singlet penguin amplitude χPC , χP
′
C and their
phases φPC , φP
′
C for the pseudo-scalar and vector meson emission, respectively; the penguin
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TABLE II: The transition form factors of B meson decays at q2=0 and dipole model parameters
FB→π0 F
B→K
0 F
Bs→K
0 F
B→ηq
0 F
Bs→ηs
0
F (0) 0.28 0.31 0.25 0.21 0.30
α1 0.50 0.53 0.54 0.52 0.53
α2 -0.13 -0.13 -0.15 0 0
FB→π1 F
B→K
1 F
Bs→K
1 F
B→ηq
1 F
Bs→ηs
1
F (0) 0.28 0.31 0.25 0.21 0.30
α1 0.52 0.54 0.57 1.43 1.48
α2 0.45 0.50 0.50 0.41 0.46
AB→ρ0 A
B→ω
0 A
B→K∗
0 A
Bs→K
∗
0 A
Bs→φ
0
A(0) 0.36 0.32 0.39 0.33 0.40
α1 1.56 1.60 1.51 1.74 1.73
α2 0.17 0.22 0.14 0.47 0.41
annihilation amplitude χPA and its phase φPA for the vector meson emission only. Many
of the charmless B decays channels have been experimentally measured [21]. But some of
them are measured with very poor precision. In our χ2 fit program, we will not use those
data with less than 3σ significance. For the Bs meson decays, very few modes are measured,
some of which are measured only by hadronic colliders such LHCb and CDF experiments.
The precision of these Bs decays measurements rely heavily on other B decay channels
measured by B factories. Thus the systematic uncertainty of them is correlated. We will
not use the Bs decay data to avoid complications. After these considerations, we have 37
branching Ratios and 11 CP violation observations of Bu,d → PP, PV decays from the
current experimental data, where the branching ratios of B0 → pi+ρ− and B0 → pi−ρ+ are
derived from experimental data in ref.[14]. With these 48 data, we use the χ2 fit method by
Miniut program [79] to give the best-fitted parameters and the corresponding 1σ uncertainty
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as:
χC = 0.48± 0.06, φC = −1.58± 0.08,
χC
′
= 0.42± 0.16, φC′ = 1.59± 0.17,
χE = 0.057± 0.005, φE = 2.71± 0.13,
χP = 0.10± 0.02, φP = −0.61± 0.02.
χPC = 0.048± 0.003, φPC = 1.56± 0.08,
χP
′
C = 0.039± 0.003, φP ′C = 0.68± 0.08,
χPA = 0.0059± 0.0008, φPA = 1.51± 0.09, (21)
with χ2/d.o.f = 45.2/34 = 1.3. This χ2 per degree of freedom is smaller than the con-
ventional flavor diagram approach based on flavor SU(3) symmetry[14]. In fact, they have
much more parameters [14] than in our work. From eq.(21), one can see that the color
suppressed tree diagram amplitude χC and χC
′
have similar size but their phases φC and
φC
′
differ significantly. Denoting the pseudo-scalar and vector meson emission, respectively,
their differences agree with the Glauber gluon effects [11]. The similar differences are ob-
served in the flavor singlet penguin amplitude χPC , χP
′
C and their phases φPC , φP
′
C for the
pseudo-scalar and vector meson emission, respectively.
To show the relative size of every topological diagram in each decay mode, we take
decay modes B → pipi and B → piρ to show the hierarchy of various tree and penguin
topologies amplitude (C(PC) and C
′(P ′C) denote for the pseudo-scalar and vector meson
emission respectively.), as follows:
T ππ : Cππ : Eππ : P ππ = 1 : 0.47 : 0.29 : 0.32 (22)
T ρπ : C ′
piρ
: P ρπ : P πρEW = 1 : 0.54 : 0.25 : 0.04 (23)
T πρ : Cρπ : P ρπ : P ρπEW = 1 : 0.36 : 0.19 : 0.03. (24)
In these tree dominant decays, the relative importance of topological diagrams is easy to be
reached:
T > C(C ′) > E ∼ P > PEW . (25)
This is in agreement with those QCD inspired approaches. For B → piK and B → piK∗
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decays, we have
T πK : CπK : P πK : P πKEW = 1 : 0.4 : 6.0 : 0.6 (26)
T πK
∗
: CK
∗π : P πK
∗
: P πK
∗
A : P
K∗π
EW = 1 : 0.37 : 2.87 : 1.44 : 0.52. (27)
In these penguin dominant decays, the relative importance of topological diagrams is also
reached as:
P > PA > T > PEW > C. (28)
It is interesting that the electroweak penguin contribution PEW is even more larger than the
color suppressed tree C. It is indeed not negligible. For B → ρK decays, we have
T ρK : C ′
Kρ
: P ρK : PKρEW = 1 : 0.49 : 2.82 : 0.79. (29)
In this channel, we have very similar contributions from each topology:
P > T > PEW > C
′. (30)
Again, the electroweak penguin contribution PEW is important.
As the PC and P
′
C only contribute to modes including flavor singlets meson (η, η
′, ω, φ),
the hierarchy including PC and P
′
C are represented as:
T πη : Cπη : P πη : P πηC : P
πη
EW = 1 : 0.50 : 0.57 : 0.06 : 0.03 (31)
T ηK : CηK : P ηK : P ηKC : P
ηK
EW = 1 : 0.45 : 3.39 : 1.10 : 0.52 (32)
T πω : C ′
piω
: P πω : P ′
piω
C : P
πω
A : P
πω
EW = 1 : 0.54 : 0.21 : 0.26 : 0.10 : 0.02 (33)
The flavor singlet penguin contribution PC is important, as it is even larger than the color
favored tree contribution T in ηK channel and it is at the similar size as penguin emission
contribution P in piω channel. The importance of this type of penguin contribution is
recently emphasized [12].
C. Branching Ratios for the charmless B decays
After χ2 fitting the parameters in Eq.(21), we get the numerical results of branching
fractions for B¯ → PP decays shown in Table III and B¯ → PV decays in Table IV. Each
branching fractions tables are divided into two parts: ∆S = 0 transitions and ∆S = 1
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TABLE III: Branching fractions (×10−6) of various B¯ → PP decay modes. We also show the
experimental data [21] and results from conventional flavor diagram approach [14] for comparison.
Mode Amplitudes Exp This work Flavor diagram
π−π0 T,C, PEW ⋆5.5± 0.4 5.08± 0.39± 1.02± 0.02 5.40± 0.79
π−η T, C, P, PC , PEW ⋆4.02± 0.27 4.13± 0.25± 0.64± 0.01 3.88± 0.39
π−η
′
T,C, P, PC , PEW ⋆2.7± 0.9 3.37± 0.21± 0.49± 0.01 5.59± 0.54
π+π− T,E, (PE), P ⋆5.12± 0.19 5.15± 0.36± 1.31± 0.14 5.17± 1.03
π0π0 C,E, P, (PE), PEW ⋆1.91± 0.22 1.94± 0.30± 0.28± 0.05 1.88± 0.42
π0η C,E, PC , (PE), PEW < 1.5 0.86± 0.08± 0.08± 0.04 0.56± 0.03
π0η
′
C,E, PC , (PE), PEW 1.2± 0.6 0.87± 0.08± 0.10± 0.03 1.21± 0.16
ηη C,E, PC , (PE), PEW < 1.0 0.44± 0.09± 0.08± 0.005 0.77± 0.12
ηη
′
C,E, PC , (PE), PEW < 1.2 0.77± 0.13± 0.14± 0.008 1.99± 0.26
η
′
η
′
C,E, PC , (PE), PEW < 1.7 0.38± 0.05± 0.07± 0.003 1.60± 0.20
K−K0 P ⋆1.31± 0.17 1.32± 0.04± 0.26± 0.01 1.03± 0.02
K0K¯0 P ⋆1.21± 0.16 1.23± 0.03± 0.25± 0.01 0.89± 0.11
π−K¯0 P ⋆23.7± 0.8 23.2± 0.6± 4.6± 0.2 23.53± 0.42
π0K− T,C, P, PEW ⋆12.9± 0.5 12.8± 0.32± 2.35± 0.10 12.71± 1.05
ηK− T,C, P, PC , PEW ⋆2.4± 0.4 2.0± 0.13± 1.19± 0.03 1.93± 0.31
η
′
K− T,C, P, PC , PEW ⋆70.6± 2.5 70.1± 4.7± 11.3± 0.22 70.92± 8.54
π+K− T, P ⋆19.6± 0.5 19.8± 0.54± 4.0± 0.2 20.2± 0.39
π0K¯0 C,P, PEW ⋆9.9± 0.5 8.96± 0.26± 1.96± 0.09 9.73± 0.82
ηK¯0 C,P, PC , PEW ⋆1.23± 0.27 1.35± 0.10± 1.02± 0.03 1.49± 0.27
η
′
K¯0 C,P, PC , PEW ⋆66± 4 66.4± 4.5± 10.6± 0.21 66.51± 7.97
transitions. We also show the contributing topological amplitude symbols for each channel
in these tables. For the theoretical uncertainties in the tables (apply also to the following
tables), the first one is the statistical uncertainty from the χ2 fitting by experimental data.
The second one arise from the transition form factors which are set to be 10% uncertainties,
and the third from decay constants. We can find that the dominant uncertainty for most
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channels is from form factors, which need to be approved by theories and semi-leptonic B
decay measurements. The experimental data are also shown in these tables to compare with
theoretical predictions. Not all of the measurements are in a good accuracy. In our χ2 fit
program, we use those data only with more than 3σ signal significance that marked as a ∗
in these tables. The rest can be considered as theoretical predictions, waiting for LHCb and
other experiments to test.
From Table III and IV, one can easily find that B(B− → pi−pi0) is twice smaller than
B(B− → pi0ρ−). These two modes receive similar contributions from the color favored tree
diagram denoted by T , while all other contributions are suppressed. If not considering SU(3)
breaking effects, one need two parameters to fit these two diagrams in ref.[14]. In our FAT
approach, this can be easily explained by the fact that fρ > fπ, therefore we do not need any
free parameter to be fitted from experimental data. Due to the difference between vector
or pseudo-scalar emission in color suppressed tree diagram χC
′
and χC , especially the very
larger strong phase difference, the B(B− → ρ−pi0) is a little different from B(B− → ρ0pi−).
Interestingly, for the penguin dominated B decays it is the inverse situation. The branching
fractions of the penguin diagram P dominated decay modes B− → pi−K¯0, B− → pi0K−
and B¯0 → pi0K¯0 are larger than their corresponding ones of B → PV decays. This can
be understood from eq.(6) that in addition to the factorizable amplitude of QCD penguin
emission topology, there is a large chiral enhanced penguin contribution in B → PP modes;
while no such contribution in B → PV modes and negative contribution in B → V P modes.
Similar to the conventional topological diagram approach [14], the long-standing puzzle
of large B0 → pi0pi0 branching fraction can be resolved well attributed to the appropriate
magnitude and phase of C in FAT. Naive estimation indicates that |C|/|T| is about 1/3
due to color suppressed factor. The χC are enhanced by large nonperturbative contribution
such as final states interaction and re-scattering effects. Although some power corrections to
them were parameterized in QCDF, PQCD and SCET as mentioned before, where the pipi
puzzle was accommodated to some extent, it is not resolved completely in those factorization
approaches. With a larger B0 → pi0pi0 branching fraction, the B0 → pi0ρ0 and B0 → ρ0ρ0
branching ratio will go easily much larger than the experimental data. Actually, only the
Glauber phase factor [11], associated with the Goldstone boson pi can resolve the B → pipi,
B → piρ and B → ρρ puzzles consistently. We predict these branching ratios correctly in
Table III with not too large χC . |T ππ| : |Cππ| = 1 : 0.47 shown in Eq.(22) is not as large as
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TABLE IV: Branching fractions (×10−6) of various B¯ → PV decay modes. We also show the
experimental data [21] and results from conventional flavor diagram approach [14] for comparison.
Mode Amplitudes Exp This work Flavor diagram
π−ρ0 T,C′, P, PA, PEW ⋆8.3± 1.2 8.6± 1.81± 1.38 ± 0.03 7.59± 1.41
π−ω T, C′, P, P ′C , PA, PEW ⋆6.9± 0.5 6.78± 1.46± 1.09± 0.02 7.03± 1.42
π−φ P ′C , PEW < 0.15 0.28± 0.004 ± 0.055 ± 0.003 0.04± 0.02
π0ρ− T, C, P, PA, PEW ⋆10.9± 1.4 12.9± 0.73± 2.30± 0.12 12.15 ± 2.52
ηρ− T, C, P, PC , PA, PEW 7.0± 2.9 8.16± 0.48± 1.43± 0.07 5.26± 1.19
η
′
ρ− T, C, P, PC , PA, PEW ⋆9.7± 2.2 6.0± 0.34± 0.97 ± 0.05 5.66± 1.25
π+ρ− T, E,P, (PE), PA ⋆14.6± 1.6 12.4± 0.64± 3.20± 0.38 15.20 ± 1.52
π−ρ+ T,E, P, (PE) ⋆8.4± 1.1 6.04± 0.47± 1.70± 0.25 8.22± 1.06
π0ρ0 C,C′, E,P, PA, (PE), PEW ⋆2± 0.5 1.32± 0.47± 0.09± 0.14 2.24± 0.93
π0ω C,C′, E,P, PA, (PE), PEW < 0.5 2.31± 0.88± 0.24± 0.07 1.02± 0.66
π0φ P ′C , PEW < 0.15 0.13± 0.002 ± 0.025 ± 0.001 0.02± 0.01
ηρ0 C,C′, E, P, PC , P
′
C , PA, (PE), PEW < 1.5 4.41± 1.15± 0.39± 0.17 0.54± 0.32
ηω C,C′, E, P, PC , P
′
C , PA, (PE), PEW 0.94
+0.40
−0.31 0.89± 0.30± 0.08± 0.09 1.12± 0.44
ηφ P ′C , PEW < 0.5 0.077 ± 0.001 ± 0.015 ± 0.0008 0.01± 0.01
η
′
ρ0 C,C′, E, P, PC , P
′
C , (PE), PEW < 1.3 3.19± 0.77± 0.29± 0.12 0.63± 0.33
η
′
ω C,C′, E, P, PC , P
′
C , (PE), PEW 1.0
+0.5
−0.4 0.95± 0.21± 0.05± 0.06 1.24± 0.47
η
′
φ P ′C , PEW < 0.5 0.05± 0.0008± 0.01± 0.0005 0.01± 0.01
K−K∗0 P,PA < 1.1 0.59± 0.06± 0.10± 0.01 0.46± 0.03
K0K∗− P 0.44± 0.03± 0.09 ± 0.004 0.31± 0.03
K0K¯∗0 P 0.41± 0.02± 0.08 ± 0.004 0.29± 0.03
K¯0K∗0 P,PA 0.55± 0.05± 0.09± 0.01 0.43± 0.02
π−K¯∗0 P,PA ⋆10.1± 0.9 10.0± 0.95± 1.78± 0.15 10.47 ± 0.60
π0K∗− T, C, P, PA, PEW ⋆8.2± 1.9 6.23± 0.51± 0.98± 0.07 9.79± 2.95
ηK∗− T, C, P, PC , PA, PEW ⋆19.3± 1.6 17.3± 0.8± 2.4± 0.3 16.57 ± 2.58
η
′
K∗− T, C, P, PC , PA, PEW 4.8
+1.8
−1.6 3.31± 0.44± 0.38± 0.13 3.43± 1.43
K−ρ0 T, C′, P, PEW ⋆3.7± 0.5 3.97± 0.25± 0.80± 0.04 3.97± 0.90
K−ω T, C′, P, P ′C , PEW ⋆6.5± 0.4 6.52± 0.73± 1.13± 0.06 6.43± 1.49
K−φ P,P ′C , PA, PEW ⋆8.8± 0.7 8.38± 1.21± 0.69± 0.50 8.34± 1.31
K¯0ρ− P ⋆8± 1.5 7.74± 0.47± 1.55± 0.07 7.09± 0.77
π+K∗− T, P, PA ⋆8.4± 0.8 8.40± 0.77± 1.46± 0.14 8.35± 0.50
π0K¯∗0 C, P, PA, PEW ⋆3.3± 0.6 3.35± 0.36± 0.65± 0.08 3.89± 1.98
ηK¯∗0 C,P, PC , PA, PEW ⋆15.9 ± 1 16.6± 0.7± 2.3± 0.3 16.34 ± 2.48
η
′
K¯∗0 C,P, PC , P
′
C , PA, PEW ⋆2.8± 0.6 3.0± 0.5± 0.3± 0.1 3.14± 1.24
K−ρ+ T, P ⋆7± 0.9 8.27± 0.44± 1.65± 0.07 8.28± 0.80
K¯0ρ0 C′, P, PEW ⋆4.7± 0.4 4.59± 0.34± 0.79± 0.04 4.97± 1.14
K¯0ω C′, P, P ′C , PEW ⋆4.8± 0.6 4.80± 0.61± 0.95± 0.05 4.82± 1.26
K¯0φ P,P ′C , PA, PEW ⋆7.3± 0.7 7.77± 1.12± 0.64± 0.46 7.72± 1.21
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[14], where the ratio even reached 0.97 in Scheme C.
The B− → K−K0, B0 → K0K¯0 decays are purely penguin decays. From Table III
one can see that their branching fractions given in our FAT approach are in much better
agreement with experimental data than the previous conventional flavor diagram approach
[14]. The penguin amplitude is mostly determined by the more precise measurements of
B0 → piK decays. There is only SU(3) breaking effect between KK final states and piK
final states. Our results for KK final sates are larger, because we considered SU(3) breaking
effect and the previous conventional flavor diagram approach not. For the B → PV decays,
where a vector meson is emitted from the weak interaction point, such as B− → K−K∗0,
B¯0 → K∗0K¯0 decay modes, there is an extra penguin annihilation diagram PA, in addition
to the penguin emission diagram P . We find that the theoretical prediction for B(B− →
K−K∗0) is a little larger than B(B− → K∗−K0), and B(B¯0 → K¯0K∗0) is a little larger than
B(B¯0 → K¯∗0K0). All these results are larger than the previous conventional flavor diagram
approach [14], but in agreement with the prediction from SCET [19].
We did not show the decay B¯0 → K+K− in our table. This decay is measured with
B(B¯0 → K+K−) = 0.13 ± 0.05 that is less than 3σ significance, therefore, we did not
include this measurement into our χ2 fit program. Theoretically, this decay is dominated by
the exchange diagram E and penguin exchange diagram PE . Since not enough experimental
data to fit the PE contribution, our result for this channel is only from the W-exchange
diagram χE fitted from B0 → pi0pi0(ρ0), pi+pi− decay modes. With only one contribution,
our result B(B0 → K+K−) = 1.30±0.25±0.00±0.13 is one order magnitude higher than the
central value of experimental data. This should be resolved with more precise experimental
data to fit the PE contribution in the future.
The B → PP decays with flavour singlet mesons η(′) in the final states are more com-
plicated than other decay channels. There are complicated η − η′ mixing effect and most
of them include almost all kinds of topologies except for E diagram. As shown in Eq.(31),
|PC |/|P | is close to |C|/|T | in ηK decays. The flavor-singlet QCD penguin diagram PC in
FAT approach and also in the conventional topological diagram approach [14] play the same
role as the long-distance charming penguin APPccg , A
V P
ccg in SCET [19]. It has an important
effect on the large branching fraction of B → Kη′ and other observations of this type of
penguin dominant decays. In the conventional topological diagram approach, the η − η′
mixing angle φ is a free parameter to be fitted from hadronic B decay data as φ = 460 for
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B → PP and φ = 430 for B → PV decays [14]. However, the fitting is not so successful as
expected with the branching faction of B− → pi−η′ two times larger than the experimental
value. These decays are recently reanalyzed with better results for B → PP decays in
ref.[12]. It is noted that we fix the mixing angles from other experiments for the η − η′,
resulting in better results for these decays.
TABLE V: Branching fractions (×10−6) of various B¯s → PP and B¯s → PV decays. We also
show the experimental data [21] and results from conventional flavor diagram approach [14] for
comparison.
Mode Amplitudes Exp This work Flavor diagram
π−K+ T, P 5.5± 0.6 6.98± 0.02± 1.40 ± 0.02 5.86± 0.78
π0η C,E, PC , (PE), PEW < 1000 0.10± 0.013± 0.013± 0.003 0.12± 0.07
π0η
′
C,E,PC , (PE), PEW 0.11 ± 0.01± 0.02± 0.002 0.12± 0.06
π0K0 C, P, PEW 0.97± 0.16± 0.2± 0.003 2.25± 0.33
ηη C,E, P, PC , (PE), PEW < 1500 11.4± 0.42± 2.25 ± 0.04 8.24± 1.53
ηη
′
C,E,P, PC , (PE), PEW 40.4± 2.06± 8.14 ± 0.13 33.47 ± 3.64
ηK0 C, P, PC , PEW 0.55 ± 0.11± 0.08± 0.002 0.97± 0.16
η
′
η
′
C,E,P, PC , (PE), PEW 42.1± 3.48± 8.38 ± 0.13 41.48 ± 6.25
η
′
K0 C, P, PC , PEW 2.15± 0.15± 0.30 ± 0.01 3.94± 0.39
K+K− T,E, P, (PE) 24.9± 1.7 16.7± 0.46± 3.27 ± 0.16 17.90 ± 2.98
K0K¯0 P < 66 17.5± 0.47± 3.50 ± 0.16 17.48 ± 2.36
π−K∗+ T, P 11.1± 0.02± 2.21 ± 0.03 7.92± 1.02
π0φ C, PEW 0.26 ± 0.02± 0.05± 0.001 1.94± 1.14
π0K∗0 C, P, PEW 1.22± 0.25± 0.24± 0 3.07± 1.20
ηρ0 C′, E, P ′C , (PE), PEW 0.13 ± 0.02± 0.02± 0.003 0.34± 0.21
ηω C′, E, P ′C , (PE), PEW 3.25± 0.10± 0.63 ± 0.03 0.15± 0.16
ηφ C, P, PC , P
′
C , PEW , PA 0.80± 0.22± 0.53 ± 0.14 0.39± 0.39
ηK∗0 C, P, PC , PEW , PA 0.99± 0.18± 0.16 ± 0.01 1.44± 0.54
η
′
ρ0 C′, E, P ′C , (PE), PEW 0.37± 0.07± 0.05 ± 0.01 0.31± 0.19
η
′
ω C′, E, P ′C , (PE), PEW 3.97± 0.15± 0.79 ± 0.04 0.14± 0.14
η
′
φ C, P, PC , P
′
C , PEW , PA 13.0± 1.05± 0.98 ± 0.67 5.48± 1.84
η
′
K∗0 C, P, PC , PEW , PA 1.64± 0.15± 0.22 ± 0.03 1.65± 0.60
K+ρ− T, P, PA 17.5 ± 0± 3.5± 0.2 14.63 ± 1.46
K+K∗− T,E, P, PA, (PE) 8.85± 1.06± 1.04 ± 0.37 8.03± 0.48
K−K∗+ T,E, P, (PE) 6.39± 0.38± 1.35 ± 0.07 7.98± 0.77
K0ρ0 C′, P, P ′C , PA, PEW 1.61± 1.10± 0.31 ± 0.02 0.56± 0.24
K0ω C′, P, P ′C , PA, PEW 1.43± 0.88± 0.25 ± 0.02 0.58± 0.25
K0φ P,P ′C , PEW 0.35 ± 0.04± 0.06± 0.003 0.41± 0.07
K0K¯∗0 P,PA 9.28± 1.14± 1.21 ± 0.34 9.33± 0.54
K¯0K∗0 P 6.31± 0.38± 1.26 ± 0.06 6.32± 0.68
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For the sub-leading contribution electroweak penguin diagram PEW , four free parameters
(two magnitudes and two phases) are introduced to be fitted from experiments [14] with non-
negligible strong phase for B → PP decays and even considerable magnitude for B → V P
decays. As stated in the last section, we did not include any free parameters for this kind
of diagrams but use factorization formulas to make predictions. For the B → pi(ρ)K(K∗)
decays, their branching fractions are in good agreement with data by the non-negligible
factorization PEW diagram contribution. For example, the central value of B(B
− → pi0K−)
is equal to data precisely attributed to the non-negligible correction effect from PEW diagram.
Most of the Bs → PP , PV decays are not well measured in the experiments. Therefore,
we do not include any of the Bs data in our χ
2 fit program. Their branching ratios are all
as predictions in our FAT approach shown in Table V. The accuracy of these predictions
rely on the assumption that the mechanism for B and Bs decays are the same. If there are
enough data for Bs decays, one need do the χ
2 fit again. In this table, we do not include
the channel Bs → pi+pi−. Our result (with only W-exchange contribution) for this channel
B(B¯s → pi+pi−) = 0.051 ± 0.001 ± 0 ± 0.005 is much smaller than the experimental data
measured by LHCb and CDF shown in Eq.(8). As stated in the last section, this decay is
dominated by the penguin exchange diagram PE [80], which can only be fitted from this mode
Bs → pi+pi−. One measurement to determine one parameter is not a perfect way of χ2 fitting.
Therefore we look forward to more data to determine this contribution in other modes and
to test our FAT in the future. Similarly, without this contribution, we are unable to predict
a number of decay channels, dominated by this contribution: B0 → K+K−, B0 → K∗+K−,
B0 → K+K∗−, Bs → pi+ρ−, Bs → pi−ρ+, Bs → pi0ρ0, Bs → pi0ω and Bs → pi0pi0.
D. CP asymmetry study
The charmless B decays are important mostly because of its large direct CP asymmetry
in B decays. Due to the CKM matrix elements suppression of tree diagram, the penguin
diagram contribution is at the same order magnitude as the tree diagram. The large CKM
phase difference between these two kinds of diagram almost guarantees the existence of large
direct CP asymmetry. That is not the whole story. The direct CP asymmetry parameter is
also proportional to the strong phase difference between these two diagrams. Unfortunately,
the strong phase is mostly from non-perturbative QCD dynamics. That is the reason why
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TABLE VI: The direct CP asymmetries (A) and mixing-induced CP asymmetries (S) of B¯ → PP
decays. We also show the results from conventional flavor diagram approach [14] for comparison.
Mode Aexp Athis work AFlavor diagram Sexp Sthis work SFlavor diagram
π+π− ⋆0.31± 0.05 0.31± 0.04 0.326± 0.081 ⋆− 0.67± 0.06 −0.60 ± 0.03 −0.717± 0.061
π0π0 0.43± 0.24 0.57± 0.06 0.611± 0.113 0.58± 0.06 0.454± 0.112
π0η −0.16± 0.16 0.566± 0.114 −0.98 ± 0.04 −0.098± 0.338
π0η
′
0.39± 0.14 0.385± 0.114 −0.90 ± 0.07 0.142± 0.234
ηη −0.85± 0.06 −0.405± 0.129 0.33± 0.12 −0.796± 0.077
ηη
′
−0.97± 0.04 −0.394± 0.117 −0.20 ± 0.15 −0.903± 0.049
η
′
η
′
−0.87± 0.07 −0.122± 0.136 −0.46 ± 0.14 −0.964± 0.037
π0Ks 0.00± 0.13 −0.14± 0.03 −0.173± 0.019 ⋆0.58 ± 0.17 0.73± 0.01 0.754± 0.014
ηKs −0.30± 0.10 −0.301± 0.041 0.68± 0.04 0.592± 0.035
η
′
Ks 0.06± 0.04 0.030 ± 0.004 0.022± 0.006 ⋆0.63 ± 0.06 0.69± 0.00 0.685± 0.004
K0K¯0 −0.057± 0.002 0.017± 0.041 0.8± 0.5 0.099± 0.002 0
π−π0 0.03± 0.04 −0.026± 0.003 0.069± 0.027
π−η −0.14± 0.07 −0.14± 0.07 −0.081± 0.074
π−η
′
0.06± 0.16 0.37± 0.07 0.374± 0.087
π−K¯0 −0.017± 0.016 0.0027 ± 0.0001 0
π0K− 0.037± 0.021 0.065 ± 0.024 0.047± 0.025
ηK− ⋆− 0.37± 0.08 −0.22± 0.08 −0.426± 0.043
η
′
K− 0.013± 0.017 −0.021± 0.007 −0.027± 0.008
K−K0 −0.21± 0.14 −0.057± 0.002 0
π+K− ⋆− 0.082± 0.006 −0.081± 0.005 −0.080± 0.011
the QCD factorization and soft-collinear effective theory can predict the branching ratios
of the charmless B decays well but make wrong prediction or no prediction for the direct
CP asymmetries. There are already 3 good measurements of direct CP asymmetry mea-
surements in B → PP decays and 3 in B → PV decays indicated as a star in Tables VI
and VII. There are also 5 mixing induced CP asymmetry measurements for the neutral B
meson decays to be used in our χ2 program. We give the direct CP and mixing-induced CP
asymmetries of corresponding B decay modes in Tables VI and VII. From the CP asymme-
try formula in eq.(13), we know that the CP asymmetry is proportional to the difference of
B meson and B¯ meson. Thus the theoretical uncertainty from hadronic parameters mostly
cancel, because they contribute to the charge conjugate modes equally. The main theoretical
uncertainty for CP asymmetry parameters is from the experimental data and CKM angle.
We did not show the individual uncertainty, but the combined one in these CP asymmetry
tables.
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TABLE VII: The direct CP asymmetries (A) and mixing-induced CP asymmetries (S) of B¯ → PV
decays. We also show the results from conventional flavor diagram approach [14] for comparison.
Mode Aexp Athis work AFlavor diagram Sexp Sthis work SFlavor diagram
π+ρ− 0.13 ± 0.06 0.15 ± 0.03 0.120± 0.027 0.07± 0.14 0.011± 0.034 −0.049 ± 0.074
π−ρ+ −0.08± 0.08 −0.44± 0.03 −0.136± 0.053 0.05± 0.08 −0.093± 0.040 −0.024 ± 0.065
π0ρ0 −0.27± 0.24 0.36 ± 0.08 −0.043± 0.121 −0.23± 0.34 0.19± 0.16 −0.229 ± 0.112
π0ω −0.024± 0.068 −0.188± 0.185 0.29± 0.05 −0.315 ± 0.195
ηρ0 −0.23± 0.03 −0.264± 0.215 −0.023± 0.038 −0.628 ± 0.196
ηω −0.30± 0.13 0.054± 0.137 0.43± 0.09 −0.461 ± 0.113
η
′
ρ0 0.088 ± 0.085 −0.440± 0.317 −0.48± 0.07 −0.714 ± 0.252
η
′
ω −0.85± 0.17 −0.005± 0.259 0.50± 0.26 −0.624 ± 0.120
Ksρ
0 0.04 ± 0.20 −0.085± 0.059 0.069± 0.053 0.5± 0.21 0.88± 0.05 0.643± 0.036
Ksω 0± 0.4 0.25 ± 0.10 −0.053± 0.055 ⋆0.7± 0.21 0.70± 0.04 0.789± 0.028
Ksφ −0.01± 0.14 −0.006± 0.001 0 ⋆0.59± 0.14 0.70± 0.00 0.718± 0.000
K¯0K∗0 −0.10± 0.02 0 −0.90± 0.03 0
K0K¯∗0 −0.18± 0.01 0 0.89± 0.03 0
π−ρ0 0.18+0.09
−0.17 −0.45± 0.04 −0.239± 0.084
π−ω −0.04± 0.06 0.054 ± 0.052 0.075± 0.067
π0ρ− 0.02 ± 0.11 0.16 ± 0.02 0.053± 0.094
ηρ− 0.11 ± 0.11 −0.11± 0.02 0.162± 0.072
η
′
ρ− 0.26 ± 0.17 0.45 ± 0.05 0.223± 0.137
π−K¯∗0 −0.04± 0.09 0.005 ± 0.001 0
π0K∗− −0.06± 0.24 0.088 ± 0.040 −0.116± 0.092
ηK∗− 0.02 ± 0.06 −0.17± 0.02 −0.016± 0.037
η
′
K∗− −0.26± 0.27 −0.45± 0.09 −0.391± 0.162
K−ρ0 ⋆0.37± 0.10 0.59 ± 0.06 0.306± 0.100
K−ω 0.02 ± 0.05 0.19 ± 0.09 0.010± 0.080
K−φ 0.04 ± 0.04 −0.006± 0.001 0
K−K∗0 −0.10± 0.02 0
K0K∗− −0.18± 0.01 0
K¯0ρ− −0.12± 0.17 0.009 ± 0.000 0
π+K∗− ⋆− 0.22± 0.06 −0.20± 0.04 −0.217± 0.048
π0K¯∗0 −0.15± 0.13 −0.27± 0.05 −0.332± 0.114
ηK¯∗0 ⋆0.19± 0.05 0.065 ± 0.011 0.099± 0.028
η
′
K¯∗0 −0.07± 0.18 0.059 ± 0.049 0.069± 0.152
K−ρ+ 0.21 ± 0.11 0.59 ± 0.01 0.134± 0.053
Since the CKM matrix elements are enhanced for penguin diagram compared with the
tree diagrams in the B → pi(ρ)K(∗) decays by b → s transition, there is large interference
effect between these two kinds of Feynman diagrams, which results in larger CP asymmetry
in these decays. ACP (B¯
0 → pi+K−) is the first measurement of direct CP asymmetry in
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B decays. From table III, one can see that B− → pi0K− decay has the same dominant
decay amplitude T and P as B¯0 → pi+K− decay, thus one expects the same direct CP
asymmetry [8]. However, experimentally these two direct CP asymmetry is quite different,
even with an opposite sign. That is the so-called piK CP-puzzle. In our study, the sub-
leading contribution C and PEW are not negligible, especially C with a large strong phase,
therefore this puzzle is resolved.
There is one category of decays with pure penguin contributions, such as B− → K−K0,
B¯0 → K0K¯0, B− → pi−K¯0, B− → pi−K¯∗0, B− → ρ−K¯0 and B¯s → K0K¯0. Their direct CP
asymmetry is expected to be zero, at leading order approximation. The very small (not zero)
CP asymmetry is from the small up quark or charm quark penguin contribution interference
with the dominant top quark contribution. Any large CP asymmetry measurement for these
decays will be a clear signal of new physics. In Table VI, we did not show the decay channel
B¯0 → K+K−. The reason is that there should be two major contributions for this channel,
but we calculate only one (tree level W exchange digram). The other contribution from
penguin-exchange (PE) diagram is not fitted because of lack of experimental data. The
branching ratio of this channel with only one contribution, discussed in previous subsection,
is far from the central value of experimental data. This may indicate the importance of
the penguin-exchange (PE) diagram, which will give a large direct CP asymmetry for this
channel. Similarly, we can not predict the CP asymmetry for B0 → K∗+K− and B0 →
K+K∗−.
The mixing induced CP asymmetries in neutral B decays into final CP eigenstates are
dominated by the B0 − B¯0 mixing phase with little dependence on strong phases. That
is the reason why it is usually used for searching possible new physics. For example, the
measured mixing induced CP asymmetry parameters of SCP (pi
+pi−), SCP (pi
0KS), SCP (η
′KS)
and SCP (φKS) have received much attention in experiment and in theoretical aspect due
to little theoretical uncertainty. Currently, there is a good agreement between theoretical
calculations and experimental data shown in Table VI and VII. Further study is needed
from both theoretical and experimental effort in the future.
There are only two channels of Bs decays, namely Bs → K+K− and B¯s → K+pi− with
CP asymmetry measurements shown in table VIII. As stated, we do not include any Bs data
in our χ2 fit. All the Bs results are predictions. It is easy to see that our predictions for these
two channels agree with data within error-bar. There is no CP asymmetry measurement for
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TABLE VIII: The direct CP asymmetries (A) and mixing-induced CP asymmetries (S) of
B¯s → PP decays. We also show the results from conventional flavor diagram approach [14]
for comparison.
Mode Aexp Athis work AFlavor diagram Sexp Sthis work SFlavor diagram
π0η 0.90± 0.05 −0.165 ± 0.292 0.19± 0.11 0.836± 0.198
π0η
′
0.44± 0.10 0.259± 0.335 −0.79± 0.07 0.953± 0.116
π0Ks 0.87± 0.05 0.724± 0.054 0.0096 ± 0.0905 0.302± 0.080
ηη −0.11± 0.01 −0.116 ± 0.018 −0.14± 0.01 −0.095 ± 0.020
ηη
′
−0.013± 0.005 −0.009 ± 0.003 −0.038± 0.006 −0.036 ± 0.007
ηKs 0.74± 0.17 0.452± 0.057 0.31± 0.16 0.787± 0.042
η
′
η
′
0.042 ± 0.006 0.016± 0.009 −0.055± 0.006 0.028± 0.009
η
′
Ks −0.58± 0.06 −0.367 ± 0.089 −0.029± 0.099 0.191± 0.090
K+K− −0.14± 0.11 −0.11± 0.02 −0.090 ± 0.021 0.30± 0.13 0.097± 0.022 0.140± 0.030
K0K¯0 0.0027 ± 0.0001 −0.075 ± 0.035 0.069± 0.000 −0.039 ± 0.001
π−K+ 0.28± 0.04 0.16± 0.01 0.266± 0.033
Bs → PV decays. Our theoretical predictions are shown in table IX, together with results
from the conventional flavor diagram approach. It is noted that there is large differences
between predictions of these two approaches for example: Bs → pi0φ, Bs → ηρ0, Bs → η′ρ0
and Bs → η′ω etc. Many of these entries with large CP asymmetry predicted, can be tested
by the experiments in the near future. Similar to the situation of branching ratios, we
also did not give predictions for the CP asymmetry of decays Bs → pi+pi−, Bs → pi+ρ−,
Bs → pi−ρ+, Bs → pi0ρ0, Bs → pi0ω and Bs → pi0pi0, lack of the information of penguin
exchange diagram (PE).
E. The flavor SU(3) asymmetry
The flavor SU(3) symmetry is broken by the difference in the u, d and s quark masses,
especially the difference in d and s quark masses. The SU(3) breaking is also very important
in explaining the different size of CP asymmetry in different charmless B → PP , PV decays.
We consider the flavor SU(3) violating contributions assisted by factorization hypothesis
where the source of SU(3) asymmetries are mainly from decay constants and weak transition
form factors. It is not necessary to include different SU(3) asymmetry phases for different
modes, because our numerical results of branching ratios and CP asymmetry parameters
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TABLE IX: The direct CP asymmetries (A) and mixing-induced CP asymmetries (S) of B¯s → PV
decays. We also show the results from conventional flavor diagram approach [14] for comparison.
Mode Athis work AFlavor diagram Sthis work SFlavor diagram
π0φ 0.89± 0.04 0.073± 0.201 −0.25± 0.07 0.439± 0.171
ηρ0 −0.46± 0.38 0.323± 0.136 0.88± 0.19 −0.002± 0.168
ηω −0.086± 0.071 −0.432± 0.271 −0.31± 0.06 −0.238± 0.296
ηφ 0.083± 0.113 0.428± 0.504 0.39± 0.15 0.534± 0.400
η
′
ρ0 −0.67± 0.10 0.323± 0.136 −0.72± 0.07 −0.002± 0.168
η
′
ω 0.33± 0.06 −0.432± 0.271 −0.14± 0.07 −0.238± 0.296
η
′
φ −0.010± 0.017 0.043± 0.090 0.047± 0.015 0.166± 0.057
K+K∗− −0.30± 0.04 −0.217± 0.048 −0.78± 0.06 0
K−K∗+ 0.39± 0.04 0.134± 0.053 0.67± 0.05 0
Ksρ
0 −0.42± 0.15 −0.124± 0.453 0.78± 0.08 −0.348± 0.285
Ksω −0.010± 0.151 −0.029± 0.436 −0.32± 0.30 0.928± 0.110
Ksφ −0.003± 0.033 0 −0.85± 0.01 −0.692± 0.000
K0K¯∗0 0.002± 0.001 0 −0.74± 0.05 0
K¯0K∗0 0.009± 0.000 0 0.83± 0.04 0
π−K∗+ −0.30± 0.01 −0.136± 0.053
π0K∗0 −0.30± 0.06 −0.423± 0.158
ηK∗0 0.57± 0.12 0.828± 0.123
η
′
K∗0 −0.46± 0.10 −0.408± 0.273
K+ρ− 0.16± 0.03 0.120± 0.027
are in good agreement with experimental data shown in previous subsections.
As every decay mode include various topological diagrams, the precise flavor SU(3) break-
ing effect, can not be separated from one another in B → PP, PV decays, are hard to be
tested by experimental data. We show the flavor SU(3) breaking effect in every topology
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amplitude between B → pipi and B → piK, B → ηpi and B → ηK, as following:
|T (B
− → pi0K−)
VubV ∗us
| : |T (B
− → pi0pi−)
VubV
∗
ud
| = 1 : 0.83, (34)
|C(B
− → pi0K−)
VubV ∗us
| : |C(B
− → pi0pi−)
VubV ∗ud
| = 1 : 0.91, (35)
|P (B¯
0 → pi+K−)
VtbV ∗ts
| : |P (B¯
0 → pi+pi−)
VtbV ∗td
| = 1 : 0.89, (36)
|PC(B
− → ηK−)
VtbV ∗ts
| : |PC(B
− → ηpi−)
VtbV ∗td
| = 1 : 0.91. (37)
From the above results, we find that the flavor SU(3) breaking effects are around 10%
because of different decay constants between fπ and fK , or form factors F
B→π and FB→K .
The flavor SU(3) breaking effect in every topology amplitude between B → piρ and B →
piK∗, B → ηρ and B → ηK∗ are also shown as following:
|T (B
− → pi0K∗−)
VubV ∗us
| : |T (B
− → pi0ρ−)
VubV
∗
ud
| = 1 : 0.83, (38)
|C(B
− → K∗−pi0)
VubV ∗us
| : |C(B
− → ρ−pi0)
VubV ∗ud
| = 1 : 0.80, (39)
|P (B¯
0 → pi+K∗−)
VtbV ∗ts
| : |P (B¯
0 → pi+ρ−)
VtbV ∗td
| = 1 : 0.74, (40)
|PC(B
− → K∗−η)
VtbV ∗ts
| : |PC(B
− → ρ−η)
VtbV ∗td
| = 1 : 0.80, (41)
|PA(B¯
0 → pi+K∗−)
VtbV
∗
ts
| : |PA(B¯
0 → pi+ρ−)
VtbV
∗
td
| = 1 : 0.84. (42)
It is easy to see that the flavor SU(3) breaking effects are larger than 20% because of different
decay constants between fρ and fK∗ , or different form factors between A
B→ρ
0 and A
B→K∗
0 .
In previous flavor diagram approach, the charmless B → PP and B → PV decays are
fitted separately with very different theoretical parameters. That implies large difference
between pseudo-scalar meson and vector meson. To show this difference numerically, we
have:
|T (B− → pi0pi−)| : |T (B− → pi0ρ−)| = 1 : 1.64, (43)
|C(B− → pi0pi−)| : |C ′(B− → pi−ρ0)| = 1 : 1.43, (44)
|P (B¯0 → pi+pi−)| : |P (B¯0 → pi+ρ−)| = 1 : 0.66. (45)
It is easy to see that this difference between pi and ρ meson emission is indeed much larger
than the so called flavor SU(3) breaking effect between pi and K meson, because the meson
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decay constant fρ > fK . The penguin amplitude (P) for the B¯ → pi+ρ− decay, even if with
a larger decay constant, is smaller than the corresponding B¯ → pi+pi− decay, because there
is no chiral enhanced penguin contribution for a vector meson emission shown in eq.(6). If
the emitted meson is a pseudo-scalar scalar meson in B → V P decays, its difference from
B → PP decays is the B → V transition form factor from B → P transition form factor.
For example, the following difference between two decay channels is B → pi form factor and
B → ρ form factor, which is smaller than the difference between pi and ρ decay constant:
|T (B− → pi0pi−)| : |T (B− → ρ−pi0)| = 1 : 1.24, (46)
|C(B− → pi0pi−)| : |C(B− → ρ−pi0)| = 1 : 1.25, (47)
|P (B¯0 → pi+pi−)| : |P (B¯0 → ρ−pi+)| = 1 : 0.59, (48)
|PC(B− → ηpi−)| : |PC(B− → ρ−η)| = 1 : 1.26. (49)
The penguin amplitude (P) for the B¯ → ρ−pi+ decay, even if with a larger decay constant,
is smaller than the corresponding B¯ → pi+pi− decay, because the chiral enhanced penguin
contribution cancel some of the factorization penguin contribution as a minus sign shown in
eq.(6). For decays induced by b→ s transition, we have:
|T (B− → pi0K−)| : |T (B− → pi0K∗−)| = 1 : 1.42, (50)
|C(B− → pi0K−)| : |C(B− → K∗−pi0)| = 1 : 1.23, (51)
|P (B¯0 → pi+K−)| : |P (B¯0 → pi+K∗−)| = 1 : 0.68, (52)
|PC(B− → ηK−)| : |PC(B− → K∗−η)| = 1 : 1.24. (53)
It is apparent that the difference characterized by the K and K∗ decay constant is large.
IV. CONCLUSION
In this paper, we studied two-body charmless hadronic B decays in factorization assisted
topological amplitude approach. Since factorization has been proven to all orders in αs in the
so called soft-collinear effective theory at leading order in Λ/mb expansion, the color-favored
tree emission diagram T was factorized into short-distance effective Wilson coefficients and
decay constants and form factors, without free parameters. The flavor SU(3) breaking effects
are then automatically considered in different meson decay constants and transition form
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factors. Factorization theorem is not proven in most other topological diagrams. They were
considered as universal magnitudes (χ) and associated phases (φ) in the conventional flavor
diagram approach to be fitted from experimental data. In our approach, the corresponding
decay constants, form factors were factorized out from them before χ2 fit assisted by fac-
torization hypothesis to indicate the flavor SU(3) breaking effect. In addition to the large
tree and QCD-penguin diagrams studied in these types of decays, the electro-weak penguin
contribution (PEW ) was also included, which is not negligible but essential for B → piK
decays, especially for the CP asymmetry parameters. Unlike the previous conventional fla-
vor diagram approach, this contribution was factorized into short-distance effective Wilson
coefficients and decay constants and form factors, just like the color-favored tree emission
diagram T .
There were 6 parameters χC(φC), χC
′
(φC
′
) and χE(φE) for tree diagrams C,E and 8 pa-
rameters χP (φP ), χPC(φPC), χP
′
C (φP
′
C) and χPA(φPA) for QCD-penguin diagrams to be fitted
from 48 measured data of branching ratios and CP asymmetry parameters. Since SU(3)
breaking effects and the difference between pseudo-scalar and vector meson have been al-
ready considered in the decays constants and form factors, we can fit all the B → PP ,
PV decays together. The number of free parameters is greatly reduced. These parameters
were extracted precisely even for small parameters χE , φE, which had large uncertainties in
conventional flavor diagram approach. Besides, the χ2 per degree of freedom is smaller than
the conventional flavor diagram approach, even with much more free parameters in their
approach. With the fitted parameters, we predicted branching fractions of B(s) → PP , PV
decay modes and their CP asymmetry parameters. The long-standing puzzles of pipi branch-
ing ratios and piK CP asymmetry have been resolved consistently with not too large color
suppressed tree diagram contribution χC . For the Bs decays, we do not include any data
as input in the χ2 fit, but all as theoretical predictions, since very few channels have been
poorly measured. The flavor SU(3) breaking effect between pi and K were approximately
10%, even more than 20% in ρ and K∗ meson case and larger in pi and ρ, K and K∗.
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